Many indicators of protein evolutionary rate have been proposed, but some of them are interrelated. The purpose of this study is to disentangle their correlations. We assess the strength of each indicator by controlling for the other indicators under study. We find that the number of microRNA (miRNA) types that regulate a gene is the strongest rate indicator (a negative correlation), followed by disorder content (the percentage of disordered regions in a protein, a positive correlation); the strength of disorder content as a rate indicator is substantially increased after controlling for the number of miRNA types. By dividing proteins into lowly and highly intrinsically disordered proteins (L-IDPs and H-IDPs), we find that proteins interacting with more H-IDPs tend to evolve more slowly, which largely explains the previous observation of a negative correlation between the number of protein-protein interactions and evolutionary rate. Moreover, all of the indicators examined here, except for the number of miRNA types, have different strengths in L-IDPs and in H-IDPs. Finally, the number of phosphorylation sites is weakly correlated with the number of miRNA types, and its strength as a rate indicator is substantially reduced when other indicators are considered. Our study reveals the relative strength of each rate indicator and increases our understanding of protein evolution.
Introduction
Many indicators of protein evolutionary rate have been identified, including protein connectivity, gene expression level, gene expression breadth, gene compactness, the number of microRNA (miRNA) types that regulate a gene, extracellularity and protein folding pattern (Fraser et al. 2002; Drummond et al. 2005; Chen and Chuang 2006; Liao et al. 2006 Liao et al. , 2010 Makino and Gojobori 2006; Pal et al. 2006; Drummond and Wilke 2008; Cheng et al. 2009; Yang, Zhuang, et al. 2010) . However, some of these indicators are interrelated (Liao et al. 2006 (Liao et al. , 2010 Liang and Li 2007) . How the correlations of a factor with other factors affect the strength of the factor as an indicator of protein evolutionary rate should be investigated.
One factor that seems to be of particular interest is miRNAs, which are noncoding RNAs that target mRNAs, leading to mRNA destabilization and translational repression (see Guo et al. 2010) . Genes targeted by more types of miRNAs may be subject to more functional constraints and therefore evolve more slowly (Cheng et al. 2009 ). However, the number of miRNA types of a gene (N miR ) has been shown to be positively correlated with protein connectivity, gene expression breadth, and the length of 3# untranslated regions (3#UTRs) (Liang and Li 2007; Cheng et al. 2009 ). How much do these correlations contribute to the strength of N miR as an indicator of protein evolutionary rate?
Another interesting observation is that genes encoding proteins with more intrinsically disordered regions (IDRs) tend to be targeted by more types of miRNAs, compared with genes encoding fewer IDRs (Liang and Li 2007; Chen et al. 2008; Edwards et al. 2009 ). IDRs are protein regions that fail to form compact 3D structures in native states. IDRs have been suggested to be associated with a wide variety of cellular functions (Uversky et al. 2005 (Uversky et al. , 2008 Liu et al. 2006) . First, IDRs have been demonstrated to correlate strongly with posttranslational modifications (Iakoucheva et al. 2004) . Second, IDRs often contain short and degenerate linear motifs that promiscuously bind to certain protein domains with low affinities (see Vavouri et al. 2009 ). The low-affinity and promiscuous binding of IDRs may be the reason why proteins with more interacting partners (hubs) tend to contain more IDRs . Because hubs tend to be more disordered and genes encoding more disordered proteins tend to be regulated by a larger number of miRNA types (N miR ) and because both protein connectivity and N miR are negatively correlated with evolutionary rate, one may intuitively speculate that proteins with more IDRs, on average, have a lower evolutionary rate than those with fewer or no IDRs. However, IDRs tend to evolve faster than ordered regions, and proteins with more IDRs tend to evolve faster than proteins with fewer or no IDRs (Brown et al. 2002 (Brown et al. , 2010 Kim et al. 2008; . The effect of these complicated relationships on the rate of protein evolution should be clarified.
In this study, we tried to assess the relative strengths of the two indicators, N miR and disorder content (the percentage of IDRs in a protein) because they are correlated but have opposite effects on the protein evolution. In addition, we have also studied the following rate indicators: proteinprotein interactions (PPIs), gene expression level, gene expression breadth, and the number of phosphorylation sites in a protein. Other factors have less abundant data and thus have not been considered here. For each indicator studied, we computed the partial correlation between the indicator and the rate of protein evolution by controlling for the other indicators under study. This approach may largely disentangle the effects of these interrelated indicators.
Materials and Methods

Data Used
Human protein sequences, human-mouse orthologs, and the human-mouse evolutionary rates, including the number of synonymous substitutions per synonymous site (d S ) and the number of nonsynonymous substitutions per nonsynonymous site (d N ) were downloaded from the Ensembl Genome Browser at http://www.ensembl.org/ (version 56). For human genes with more than one isoform, only the longest isoform is chosen. To avoid the confounding factor of gene duplication, only human-mouse 1:1 orthologues were considered.
Only genes that had mRNA expression data in both of the two human mRNA expression data sets used here were included for analysis. The first data set was derived from six human tissues (heart, kidney, liver, muscle, spleen, and testis) using high-density exon arrays (Xing et al. 2007 ). The second data set was generated by Su et al. (2004) from 73 nonpathogenic human tissues (Gene Atlas V2, http:// symatlas.gnf.org/). We aligned each probe set against the Ensembl coding sequences (CDSs) and only considered the probe sets that were 100% identical to the CDSs. We further removed probe sets that matched to more than one gene to avoid ambiguity ). The expression level of a gene was defined as the average signal intensity across 6 and 73 examined tissues for the first and the second expression data sets, respectively. A gene is said to be expressed in a tissue if its average signal intensity in this tissue is greater than 200, as suggested by Su et al. (2004) . The expression breadth of a gene was measured by the number of tissues that the gene is expressed in data of Su et al.
Human PPIs were downloaded from Bossi and Lehner (2009) . They collected PPIs from 21 databases and only considered the interactions supported by at least one direct experimental validation. Their data set contained 10,229 proteins and 80,922 interactions. According to their definition, a PPI may occur in a tissue only if both of the interacting proteins are expressed in the same tissue (i.e., mRNA intensities of two interacting genes are both greater than 200). Because a PPI in our study could be present in at most 73 tissues, we defined narrowly expressed PPIs (''EB_-Narrow'') as PPIs that are present in less than 15 tissues (;20% of the total number of tissues considered). For the PPI analysis, we only considered proteins that at least one of their interacting partners is also present in our data set (5,124 proteins remain). To increase the reliability of our result, we used two definitions of hub proteins: 1) top 20% (PPIs across all tissues .18) and 2) top 35% (PPIs across all tissues .10) highly connected proteins (supplementary table S1, Supplementary Material online).
Experimentally validated phosphorylation sites of human proteins were obtained from . This data set contained 15,914 phosphorylation sites on 4,398 proteins, collected from UniprotKB (http://www.uniprot. org/), PhosphoELM (Diella et al. 2008) , and HPRD (Keshava Prasad et al. 2009 ).
miRNA Target Prediction
Human miRNA target predictions were downloaded from TargetScanHuman at http://www.targetscan.org/ (release 5.1), one of the most widely used miRNA target prediction tools. To obtain more reliable prediction results, we only considered miRNAs whose target sites are conserved across most mammals (defined by TargetScan). The complexity (level) of miRNA regulation of a gene was measured by the total number of distinct miRNA types by which the 3#UTR of this gene was targeted (N miR ).
Prediction of Disordered Residues and Protein Disorder Content
We predicted disorder potential for each residue of human proteins using DISOPRED2 (version 2.4) with default parameters (5% for false positive threshold) (Ward et al. 2004) . DISPPRED2 is one of the top-ranking disorder prediction tools and has a lower level of false positive rate (Moult et al. 2007 ). The disorder content (i.e., percentage of IDRs, denoted ''D isCont '') of each protein was estimated by dividing the number of disordered residues by the protein length. Proteins with ,100 amino acids in length were not considered in the study because the estimate of disorder content in a short protein is subject to a large standard error. We classified proteins into three groups of similar size, according to their D isCont : lowly intrinsically disordered (D isCont , 18%; 3,258 proteins), moderately intrinsically disordered (18% D isCont , 43%; 3,372 proteins), and highly intrinsically disordered (D isCont ! 43%; 3,164 proteins), as described in Gsponer et al. (2008) . To examine how disorder content influences the evolution of proteins and how it is related to miRNA regulation, we grouped lowly and moderately intrinsically disordered proteins together as LIDPs and compared the evolution of L-IDPs with that of highly intrinsically disordered proteins (H-IDPs). L-IDPs are lumped together because they evolve at similar rates (P value 5 0.67, Wilcoxon rank-sum test with continuity correction; supplementary fig. S1, Supplementary Material online), whereas H-IDPs evolve faster.
Results
The 1A and supplementary table S2 , Supplementary Material online). However, the latter is still twice larger in absolute value than the former. Thus, N miR is a far stronger indicator of evolutionary rate than D isCont . Also, the strength of D isCont as a rate indicator is reduced due to the correlation between D isCont and N miR .
d N /d S Is Not Always Positively Correlated With Disorder Content
Previous findings that proteins with more IDRs tend to evolve faster than those with fewer or no IDRs (Kim et al. 2008) and that transcripts encoding proteins with more IDRs have a higher level of miRNA regulation (Liang and Li 2007) need clarification because genes with a higher level of miRNA regulation were reported to evolve more slowly (Cheng et al. 2009 (Bloom and Adami 2004; Fraser and Hirsh 2004; Drummond and Wilke 2008; Park and Choi 2010) . Moreover, proteins having phosphorylated resiudes may evolve more slowly because they may be more functionally important: phosphorylated and nonphosphorylated forms can perform different functions or be transported to different localizations (Cohen 2000) . lowly and moderately intrinsically disordered proteins (D isCont , 43%; 6,630 proteins); H-IDPs: highly intrinsically disordered proteins (D isCont ! 43%; 3,164 proteins). D isCont : the number of disordered residues divided by the protein length; N miR : the number of miRNA types that regulate the gene under study. Significance:*P value 0.05, **P value 0.001,***P value 0.0001.
Indicators of Protein Evolution · doi:10.1093/molbev/msr068 MBE Interestingly, the above indicators are interrelated (Liao et al. 2006; Liang and Li 2007; Cheng et al. 2009 ). To disentangle their relationship and assess the relative strength of each factor, we compute the partial correlation of each factor with d N /d S by controlling for the remaining factors. Proteins without PPI data are excluded to measure and control the effects of PPIs (5,124 proteins remain; see Materials and Methods). In addition to the total number of PPIs (PPI All ), two other indices are examined: the number of H-IDPs with which a protein interacts (PPI H-IDP ) and the number of L-IDPs with which a protein interacts (PPI L-IDP ) because features of the interaction partners of a protein may affect its evolutionary rate (Makino and Gojobori 2006 Phosphorylation plays an important role in protein function, stability, and localization (Cohen 2000) . Therefore, it may be interesting to see if proteins with more phosphorylation sites are under more complex miRNA regulation. On the basis of experimentally validated phosphorylation sites, we find that the number of phosphorylation sites (N Phospho ) and N miR are positively correlated in both H-IDPs and L-IDPs (table 2) . Because two-third of the proteins under study have no identified phosphorylation sites, we remove proteins without any experimentally validated phosphorylation sites (2,885 proteins remain). Now a positive correlation between N Phospho and N miR is observed only in L-IDPs. Moreover, the partial correlations between N Phospho and N miR in all proteins and in L-IDPs become weak after controlling for other factors (table 2), suggesting a weak tendency for proteins with more phosphorylation sites to have more complex miRNA regulation.
The Number of miRNA Types and the Number of Tissue-Specific PPIs Are Weakly Correlated It has been reported that hub proteins are subject to more complex miRNA regulation than non-hub proteins (Liang and Li 2007) . However, whether the expression patterns of their PPIs affect the complexity of their miRNA regulation remains unclear. Because housekeeping proteins tend to have more PPIs (Lin et al. 2009 ) and have been suggested to be reused for tissue-specific processes (Bossi and Lehner 2009), we hypothesize that hub proteins with more tissuespecific PPIs need tighter regulation (i.e., under more complex miRNA regulation). To test this hypothesis, we focus on hub proteins (total number of interactions across all tissues .18) and calculate the number of their interactions that are narrowly expressed (EB_Narrow) (see Materials and Methods). We find that L-hubs (D isCont , 43%) and H-hubs (D isCont ! 43%), on average, have similar number of EB_Narrow PPIs (P value . 0.05 by Wilcoxon rank-sum test). However, the positive correlation between N miR and the number of EB_ Narrow PPIs is only weakly significant in and ''LIDPs'' groups according to whether the disorder content is higher or lower than the given threshold (the x axis). For example, proteins in the ''H-IDPs'' group and the ''L-IDPs'' group with the threshold of 50% are the groups with a disorder content higher and lower than 50%, respectively. Each point stands for the R s value of the corresponding group. Five disorder thresholds are examined here to see how the correlations change under different thresholds. In (B), ''H-IDPsjmiRNA'' and ''L-IDPsjmiRNA'' represent the partial correlations (controlled for the number of miRNA types that regulate the gene) for the H-IDPs and L-IDPs groups, respectively. In both (A) and (B), points above the dotted line represent correlations significantly greater than zero by Spearman's rank test (P , 0.05).
L-hubs (table 3) . The trend remains when we control for other factors or choose another connectivity threshold for the definition of hubs (total number of interactions across all tissues .10) (table 3). In addition, we find that expression breadth and disorder content are slightly negatively correlated (q 5 À0.06; P value , 1.42 Â 10 À5 by Spearman's correlation test), suggesting a slight tendency for highly disordered proteins to have a higher level of tissue specificity. These results indicate that the expression breadth or disorder content of the interacting partners of less disordered hubs may slightly increase the complexity of their miRNA regulation.
Discussion
Prior studies have reported factors that can affect the evolutionary rate of proteins (e.g., the number of miRNA types, expression level, expression breadth, gene compactness, extracellularity and protein folding pattern) (Fraser et al. 2002; Drummond et al. 2005; Liao et al. 2006 Liao et al. , 2010 Makino and Gojobori 2006; Pal et al. 2006; Drummond and Wilke 2008; Yang, Zhuang, et al. 2010) . However, as some factors are correlated, the relative influence of a factor on protein evolution remains unclear. In this study, we clarify this issue by computing the partial correlation between a factor and protein evolutionary rate by controlling for the other factors. We summarize these correlations in fig. 3 . We find that the number of miRNA types is the strongest indicator and its correlations with other indicators only mildly affect its strength. One possible scenario is that genes with higher number of miRNA types are more likely to be pleiotropic. Pleiotropic genes have been suggested to encode multifunctional products, which can be involved in different biological processes or have more interacting partners (He and Zhang 2006) . Therefore, pleiotropic genes may need more precise regulation of gene expression, which is associated with a more complex miRNA regulation. Also, the multifunctional property of pleiotropic genes may impose stronger selective constraints on their sequence evolution, leading to the observation that genes with higher number of miRNA types evolve more slowly. Future studies on the relationships among miRNA regulation, pleiotropy, and protein evolution may help to examine this scenario.
Because L-IDPs (lowly and moderately intrinsically disordered proteins) are more than 50% ordered, d N /d S may be dominated by the evolutionary pressures in the ordered regions in L-IDPs. Indeed, for lowly disordered proteins (D isCont , 18%; 3,258 proteins), disorder content and d N /d S are not correlated even after miRNA regulation is The average signal intensity of a gene in data of Su et al. k Partial correlation between evolutionary rate and the indicator under study by controlling for N miR , PPI H-IDP , D isCont , PPI All , N Phospho , Exp breadth , and Exp level_xing , except for the indicator under study. Significance: *P value , 0.05, **P value 0.001, and ***P value 0.0001. Significance: *P value 0.05, **P value 0.001, and ***P value 0.0001. fig. S2 , Supplementary Material online). Hence, the result indicates that disorder content indeed affects d N /d S even when proteins are 57-82% ordered. The increase in correlation is mainly because disorder content and miRNA regulation are correlated and because miRNA regulation has an inversely stronger effect on evolutionary rate than disorder content. For H-IDPs (disorder content ! 43%), however, disorder content is positively correlated with evolutionary rate even without controlling for miRNAs or other factors. This is mainly because the correlation between disorder content and the level of miRNA regulation is weaker and the strength of disorder content is stronger in H-IDPs, compared with that in L-IDPs. Thus, our results may explain the previous finding that proteins with a disorder content higher than 50% evolve faster than those with a disorder content lower than 50% (Kim et al. 2008) . Furthermore, the less long-range interactions between residues in the protein in H-IDPs may lead to an elevated rate of sequence evolution. Long-range interactions in a protein are interactions between residues that are in contact with each other in the protein native structure but are distant to each other in the primary sequence (Gromiha and Selvaraj 2004) . The longrange interactions between residues in a protein play a critical role in its folding, stability, and function, such as ligand binding, conformational changes, and catalysis Selvaraj 1999, 2004; Yang, Welch, et al. 2010) . Residue changes involving long-range interactions may be deleterious. Thus, the less long-range interactions in disordered proteins than in ordered proteins make changes in disordered proteins have a higher likelihood to survive in evolution.
Indicators of Protein Evolution
In addition, we find that proteins interacting with more H-IDPs tend to evolve more slowly, shedding light on the functional role of the high disorder content of a protein's interacting partners. The lack of well-defined 3D structures of IDRs may create exposed hydrogen bonds for IDPs, which may increase the risk of protein aggregation (Fernandez and Chen 2009) or increase the ability to form protein complex with other H-IDPs. It has been shown that proteins that are involved in complex formation evolve more slowly than those that are not (Manna et al. 2009 ). Therefore, increasing disorder content is one way to increase interactions and the tendency of complex formation, which in turn constrains evolutionary rate. However, a high disorder content of its interacting partners could be another way for a protein to increase its ''disorderness'' without increasing its own disorder content. Through its interaction with a H-IDP, a protein could participate in complex formation or interact with other H-IDPs via the interactions between this H-IDP and other H-IDPs (the ''hitchhiking effect'' or ''connections through connections''). The gain of function by interacting with H-IDPs may in turn impose selective constraints on the protein sequence evolution. Thus, the more H-IDPs that a protein interacts, the more likely it evolves slowly. This may explain the previous observation of a negative correlation between evolutionary rate and the total number of PPIs (Fraser et al. 2002) because the total number of PPIs and the number of highly disordered interaction partners of a protein are positively correlated (q 5 0.77; P value , 2.2 Â 10 À16 by Spearman's correlation test). Unexpectedly, highly disordered proteins that interact with more L-IDPs tend to evolve faster. One possible scenario is that when the number of L-IDPs with which an H-IDP interacts increases, its chance to interact with other H-IDPs may be reduced.
We notice that the partial correlations between evolutionary rate and expression breadth and between evolutionary rate and expression level are not significant in H-IDPs. The trend remains similar when expression specificity (s), defined in Yanai et al. (2005) , is used, although for L-IDPs, the strength of expression specificity as a rate indicator is stronger than that of expression breath (supplementary tables S4 and S5, Supplementary Material online). There are two possible reasons. First, the expression levels of H-IDPs, on average, are lower than those of L-IDPs (supplementary fig. S3 , Supplementary Material online). Their lower expression reduces the strength of expression breadth as an indicator of evolutionary rate because whether they are present in a tissue becomes difficult to determine and because they are more narrowly expressed (supplementary fig. S3 , Supplementary Material online). Second, the resolution of microarray is not high enough to distinguish between expression levels among H-IDPs because of their lower expression and the smaller expression variance (P value , 1.65 Â 10 À6 by the Brown-Forsythe test) compared with those in L-IDPs. Future technologies with a higher resolution power may help to overcome this problem.
In our study, we did not remove orthologues with ,50% sequence identity as commonly done in the literature. To see whether fast evolving proteins dominate our results, we also conducted the analyses only on those orthologues with ,50% sequence identity. We found that only miRNA regulation complexity and protein disorder are the strong rate indicators in H-IDPs, whereas only expression breadth is a strong rate indicator in L-IDPs (supplementary tables S6 and S7, Supplementary Material online). However, because the number of fast evolving proteins is small compared with that of all proteins (319 vs. 9,794 for the study of the correlation of evolutionary rate with miRNA and with disorder content; 111 vs. 5,124 for the study of the relative strength of each rate indicator), our conclusions are not affected by fast evolving proteins.
We find that phosphorylated proteins tend to have a higher level of miRNA regulation of the gene and that the number of phosphorylation sites of a protein is correlated with the level of miRNA regulation in L-IDPs. There are two possible reasons. First, a protein with multiple phosphorylation sites may be recognized by different kinases, so it may be involved in various signaling pathways, may be transported to different cellular localizations, and may have distinct conformations (Cohen 2000; Gsponer et al. 2008) . Second, phosphorylation could regulate protein half-life by resisting or promoting protein degradation (Lin et al. 2006) . Thus, proteins with phosphorylation sites are dynamic in time and space in response to environmental conditions and developmental stages. miRNAs may serve as a mechanism to fine-tune the expression level of these functionally important proteins.
We also show that the number of tissue-specific PPIs is weakly but positively correlated with the level of miRNA regulation for hub proteins with disorder content ,43%. Because miRNAs can be expressed in a tissue-specific manner, transcripts that need complex expression patterns to be reused as core modules of the PPI network may need a higher level of miRNA regulation to perform tissue-specific functions. In addition, because H-IDPs tend to be narrowly expressed, they may participate in network modularity and tissue-specific functions with hub proteins.
Supplementary Material
Supplementary tables S1-S7 and figures S1-S3 are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/).
